INTRODUCTION
Low-angle normal faults and metamorphic core complexes associated with regional tectonic extension are globally recognized in both oceanic (e.g., Mutter and Karson, 1992; Cann et al., 1997; Blackman et al., 1998; Tucholke et al., 1998 Tucholke et al., , 2008 Ohara et al., 2001; Okino et al., 2004; Drolia and DeMets, 2005) and continental crust (e.g., Davis and Coney, 1979; Davis et al., 1986; Davies and Warren, 1988, 1992; Lister and Davis, 1989; Dinter and Royden, 1993; Hill, 1994; Little et al., 2007; Gautier et al., 2008; Spencer and Ohara, 2008; Jolivet et al., 2010; Spencer 2010) . The Dayman dome is situated on the Papuan Peninsula, Papua New Guinea, adjacent to the Woodlark Basin (Fig. 1A) . This region is one of only six well-recognized regions worldwide that span the transition from active continental rifting to active seafl oor spreading; the others are the Red Sea (Martinez and Cochran, 1988) , the Gulf of Aden (Manighetti et al., 1997) , the Tyrrhenian Sea (Jolivet et al., 1998) , the Gulf of California (Langenheim and Jachens, 2003) , and the Laptev Sea (Drachev et al., 2003) . High-grade lower-crustal metamorphic core complexes have been studied in eastern Papua New Guinea on the D'Entrecasteaux Islands (Fig. 1B) , where rocks that formed under a large range of depth and temperature conditions have been uplifted (Davies and Smith, 1971; Ollier and Pain, 1981; Davies and Warren, 1988; Hill et al., 1992 Hill et al., , 1995 Baldwin et al., 1993 Baldwin et al., , 2004 Baldwin et al., , 2005 Baldwin and Ireland, 1995; Little et al., 2007; Monteleone et al., 2007; Webb et al., 2008) . However, studies of emergent, late Quaternary coral reefs and Neogene sedimentary sections in eastern Papua New Guinea suggest that the D'Entrecasteaux Islands have been stable or subsiding for the past 0.5 m.y. (Mann and Taylor, 2002) . The main locus of active rifting associated with rapid uplift of Holocene reefs and late Neogene sedimentary rocks is to the southwest at Goodenough Bay (Fig. 1B) , near the Dayman dome (Mann and Taylor, 2002) , where actively uplifting moderate-to high-pressure (P) metabasite rocks are exposed below the Owen Stanley fault system (Davies and Smith, 1974; Davies, 1980; Worthing, 1988) .
Within the Woodlark spreading basin, magnetic anomalies indicate that seafl oor vol canism has penetrated westward since formation of the basin in late Miocene time (6 Ma; Taylor et al., 1999) , and eastern Papua New Guinea is arguably the only known setting on Earth where "active" subaerial metamorphic core complexes occur in the tectonic context of an actively propagating oceanic spreading ridge. This contribution presents the fi rst detailed structural and kinematic study of the actively exhuming Dayman dome. Nearly 800 structural measurements and fi eld observations from metabasite rocks from the northern fl ank of the Dayman dome (Fig. 2) outline the structural and kinematic history of the shear zones and faults. These data establish the tectonic signifi cance of and geometric relationship between the mapped structures. Measurement of kinematic vorticity (Means et al., 1980; Lister and Williams, 1983; Passchier, 1986) for the dominant L-S tectonite permits an interpretation of the fl ow regime for the shear zone, including the sense of displacement. Sense-of-shear indicators were analyzed to further document the movement history of the shear zone.
REGIONAL GEOLOGY
The Oligocene to Holocene tectonics of eastern Papua New Guinea continue to be controlled by the west-southwest convergence between the Pacifi c and Australia plates (Fig.  1A) . Global positioning system (GPS) work by Wallace et al. (2004) has shown that the intervening convergent zone is characterized by micro plates, including the North Bismarck, South Bismarck, New Guinea highlands, Solomon Sea, and Woodlark plates (Fig. 1A) . The New Britain Arc (South Bismarck plate) is rapidly rotating in a clockwise direction as a result of its Pliocene to recent collision with the New Guinea highlands.
In eastern Papua New Guinea, a large active fault system called the Owen Stanley fault zone separates the New Guinea highlands of the Australia plate from the Woodlark plate to the northeast (Fig. 1A) . Wallace et al. (2004) used GPS results to defi ne a pole of rotation between the two microplates across the Owen Stanley fault zone. Their pole is consistent with the geology and topography along the length of the Owen Stanley fault zone, including the elevated area 
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Solomon Sea plate (Davies and Smith, 1971) . In the area of the Dayman dome, motion along the Owen Stanley fault zone plate boundary is oblique-left slip and changes at the tip of the Papuan Peninsula to ~12 mm/yr of roughly orthogonal opening (Wallace et al., 2004) .
Most previous workers have inferred that the large metamorphic core complexes in this area are related to the extensional component of opening along this microplate boundary (Davies and Jaques, 1984; Davies and Warren, 1988; Hill, 1994; Martinez et al., 2001; Little et al., 2007; Spencer and Ohara, 2008 ). An unsolved enigma is the 75-100 km step in the plate boundary in the 1 km deep Goodenough Bay separating core complexes in the D'Entrecasteaux Islands from those at the Dayman dome. The D'Entrecasteaux Islands form the direct western continuation of oceanic spreading features in the Woodlark Basin (Fig. 1B) . As in the case of these island domes, the Dayman dome exhibits a broad topographic dome that is onlapped or faulted against the coastal plain of the Papuan Peninsula (Figs. 2 and 3; Hill, 1994) .
In this study, we examine the Mai'iu fault, a component of the Owen Stanley fault zone north of Mounts Suckling and Dayman that juxtaposes rocks of differing metamorphic grade (Fig. 2) . The Mai'iu fault scarp extends to elevations >1000 m from the fault trace up the northern edge of the mountain range. The fault forms the northern boundary of the Goropu Metabasalt; this unit is a regionally coherent body of mafi c rocks that consists of mainly metamorphosed pillow lava and minor limestone, and constitutes much of the domed mountain range (footwall), along with minor Tertiary felsic plutonic rocks south of Mount Suckling (Fig. 2) as doi:10.1130/B330326.1 Geological Society of America Bulletin, published online on 24 June 2011 foraminifera recovered from weakly metamorphosed pelagic limestone indicate a Late Cretaceous age for the Goropu Metabasalt (Smith and Davies, 1976) . The plutonic rocks are largely undated, with the exception of a preliminary laser ablation-inductively coupled plasmamass spectrometry (LA-ICP-MS) 206 Pb-238 U zircon age of one sample of granite, dated at 3.3 ± 0.1 Ma (Caffi , 2008) . The hanging wall mainly consists of nonmetamorphic undifferentiated Quaternary and Tertiary volcanic and sedimentary rocks and minor parts of the Papuan ultramafi c belt (Fig. 2) , an ophiolite obducted during Paleogene arc-continent collision.
Pumpellyite-actinolite-facies assemblages reported by previous workers to contain local aragonite, lawsonite, and/or glaucophane are found at elevations greater than 2000 m in the footwall metabasite. These assemblages have been used to infer Paleogene subduction of the Late Cretaceous oceanic crust (Davies, 1980; Davies and Jaques, 1984) . The assemblage indicates peak metamorphic pressures of 6-9.5 kbar, demonstrating exhumation of the core of the Dayman dome from depths of 20-30 km (Daczko et al., 2009 ). The Mai'iu fault scarp exposes greenschist-facies footwall metabasite L-S tectonite that is ~500 m thick (Davies, 1980) and overprints the pumpellyite-actinolite-facies assemblages. The L-S tectonite fabric parallels the Mai'iu fault scarp, and mineral equilibria modeling suggests that the assemblage evolved at moderate-pressure greenschist-facies conditions of 5.9-7.2 kbar at ~425 °C (Daczko et al., 2009) . The elevation in temperature likely derives from juxtaposition of the metabasite rocks against the Papuan ultramafi c belt either during obduction of the ophiolite over the meta basite rocks (Davies, 1980) or during exhumation of the metabasite rocks from beneath the ophiolite (or likely both). However, an aim of this contribution is to demonstrate that the L-S tectonite is extensional in origin and forms part of a metamorphic core complex, consistent with the juxtaposition of the greenschist-facies metabasite footwall against mainly nonmetamorphic rocks of the hanging wall. Modeling variable Fe 3+ indicates that sodic-calcic blue amphibole identifi ed by Daczko et al. (2009) in minor S2 foliations in the footwall metabasite formed under a higher oxidation state compared with the S1 assemblage, probably at <4.5 kbar. These metamorphic results suggest that the dome has been exhumed from at least 20-30 km depth, and the main L-S tectonite mylonitic fabric of the Dayman dome was last active at >20 km depth and therefore records an early part of the exhumation story for the metabasite rocks.
REMOTELY SENSED STRUCTURAL INFORMATION
Aerial photography and Shuttle Radar Topography Mission (SRTM) data were examined to delineate major structures and lineaments in order to place the detailed fi eld work that follows into a regional context. The specifi c observational aims of this analysis are to defi ne (1) regional lineaments that may demarcate major structures or geological boundaries, (2) areas of the Suckling-Dayman massif where the topography is controlled by the dip of shear zones (i.e., metabasite dip slopes), and (3) drainage patterns across the dome to compare to dip slopes and megacorrugations (very large corrugations on a fault plane) identifi ed in the SRTM data.
Aerial Photographs
Six aerial photograph stereopairs were analyzed using a Topcon mirror stereoscope. Figure 4 shows a mosaic of the interpretation. Gray shaded areas represent interpreted metabasite dip slopes. Gray lines represent waterways. Thin black lines represent lineaments commonly observed as straight streams on dip slopes. The analysis shows that the SucklingDayman massif may be divided into the Suckling and Dayman domes (Fig. 4) . The Dayman dome is nearly complete in the north, having been dissected by the Gwariu and Biniguni Rivers (Fig. 4) . The Nowandowan River on the southeast fl ank and the Bonua River on the south and southwest fl anks have eroded a large proportion of the southern half of the Dayman dome (Fig. 4) . The Suckling dome is largely eroded, and dip slopes are limited to the east fl ank. Therefore, aerial photographs west of the Mai'iu River (Fig. 4) were not interpreted because few lineaments were observed. The Biman dip slopes east of the Dayman dome are relatively small and are restricted to the lower hills south of the Gwoira Conglomerate. A sharp topographic change from alluvium to the irregular hills of the Gwoira Conglomerate marks the location of the Gwoira fault (Fig. 4) Over 400 orientation measurements were taken of the lineaments observed on metabasite dip slopes of the Suckling-Dayman massif and marked on Figure 4 . These were divided into three domains: Suckling dome, Dayman dome, and Biman dip slopes (Fig. 4) . Lineaments of the east fl ank of the Suckling dome trend NE and SW, whereas those of the Dayman dome dominantly trend N to NNE. Minor sets of lineaments on the Dayman dome trend E, ESE, SE, S, SW, and NW, generally downdip. Two sets of nearly orthogonal lineaments are observed on the east fl ank of the Dayman dome. Lineaments of the Biman dip slopes trend N (Fig. 4) . Our data show a progression from NE orientations in the most-dissected dome (Suckling) to NNE orientations on the Dayman dome to N orientations on the (nascent?) Biman dip slopes (Fig. 4) .
Shuttle Radar Topography Mission (SRTM) Data
The Shuttle Radar Topography Mission (SRTM) data provide a detailed digital elevation model of the topography and are very useful because they penetrate cloud cover and thin vegetation, bypassing a key limitation of the aerial photograph analysis. Lineaments are also visible in the SRTM data that are coincident with north-draining streams (see also Spencer, 2010) , even on the east-dipping fl ank of the Dayman dome (Figs. 3 and 5) . A topographic profi le oriented east to west across the SRTM data for the Dayman dome shows an undulating surface of broadly spaced ridges and troughs ( Fig. 5A) , called megacorrugations. The analysis identifi ed three broad megacorrugations on the Dayman dome with wavelengths of ~10 km. The parallel drainage pattern across the dome is dominantly controlled by these north-trending structural megacorrugations. The corrugated topography of the megacorrugations has been accentuated by fl uvial incision of the megacorrugation troughs following subaerial exposure of the Dayman dome. A second topographic profi le oriented south to north across the SRTM data for the lower north fl ank of the Dayman dome shows the structural dip of the dip slope changing from ~21° at the base (200-600 m elevation) to ~18° slightly higher up the dome fl ank (700-1000 m elevation). These data defi ne a three-dimensional dome that is elongate east to west.
The SRTM data were also used to further explore the two sets of lineaments identifi ed in aerial photography on the east fl ank of the Dayman dome. Figures 5B-5D show the interpretation of topographic lineaments on a plan-view shaded relief image (illuminated from the west) of the Dayman dome. Thin black lines represent major waterways following the troughs of the megacorrugations, whereas thick black lines represent ridges or the interpreted crests of the megacorrugations (Fig. 5C ). The six megacorrugation crests and troughs are oriented NNE (Fig. 5C ). Thirty-nine orientation measurements of the lineaments on the east fl ank of the Dayman dome (Fig. 5D ) fall into two main orientation groups: (1) a minor set oriented ESE to ENE and (2) a major set oriented NNE to N. The fi rst group trends down the dip slope of the east fl ank and is spatially concentrated on the lowermost east fl ank, whereas the second group is oriented in a similar direction as the dominant NNE lineaments identifi ed across the majority of the Dayman dome in aerial photography (Fig. 4) . A notable feature of the drainage pattern on the eastern fl ank is a stepped pattern of some streams (Fig. 5D ). The steps comprise long segments oriented NE, with shorter N-to NNE-oriented segments.
FIELD RELATIONSHIPS OF THE DAYMAN DOME
The outcrops described here are within a 1-5 km walk of the villages of Pumani (AGD66 Grid Reference: 8920500N, 0770200E) and Biniguni (8929900N, 0749100E) (Figs. 2 and 3). The Goropu Metabasalt at these localities is uniform metabasite L-S tectonite mylonite (500 m thick; Davies, 1980 ) that defi nes a shear zone forming the dominant structure that delineates dip slopes on the fl anks of the Dayman dome. The shear zone foliation planes dip shallowly and contain a well-developed mineral elongation lineation. Low-strain areas or preexisting fabrics were not observed due to the pervasive nature of the shear zone. Rare crosscutting features include narrow ductile shear zones, veins, brittle to semibrittle faults, and mafi c dikes.
Ductile Shallowly Dipping S1 and S2
All metabasite samples of the Dayman dome examined in this study (excluding the dikes) are grayish green and contain a well-developed S1 foliation and L1 lineation. S1 is defi ned by aligned actinolite, albite, and chlorite, whereas elongate actinolite and albite grains defi ne L1 at the outcrop scale. Very rare blue amphibole is restricted and concentrated in narrow bands (up to 3 mm wide) of S2 folia oriented subparallel to S1. The metabasite samples are fi ne grained (<0.5 mm). S1 on the east fl ank of the Dayman dome is a coarse continuous foliation that strikes NNW and dips shallowly toward the ENE (average S1 orientation is 152°/20°/ENE; Fig. 6A ). S1 foliation planes contain a shallowly plunging L1 mineral lineation on the east fl ank that trends NNE (average L1 orientation is 14° towards 028°). S1 foliation planes anastomose between extensional shear bands forming an S-C′ fabric (Fig. 6E) . S1 on the north fl ank of the Dayman dome also defi nes a coarse continuous foliation that strikes ESE and dips shallowly toward the NNE (average S1 orientation is 106°/17°/NNE; Fig.  6B ). Figure 6D shows that the S1 data measured from these two study sites form part of an overall dome pattern and are therefore only representative of the particular parts of the dome visited. Albite ribbons (up to 1 mm long) are aligned with S1 in coarse-grained samples. Undulose extinction is common in albite grains. S1 foliation planes contain a shallowly plunging L1 mineral lineation on the north fl ank that variably trends between NNW to NE, with an average trend of NNE (average L1 orientation is 18° towards 016°). L1 mineral lineations are commonly defi ned by elongate actinolite and albite grains and may be defi ned by stretched vein minerals such as calcite (Fig. 6F) .
Narrow bands of S2, observed on the east fl ank, also defi ne a coarse continuous foliation oriented subparallel to S1 that strikes NNE and dips shallowly toward the ESE (average S2 orientation is 015°/32°/ESE; Fig. 6C ). The blue amphibole is a sodic-calcic ferrowinchite to ferro barrowisite (Daczko et al., 2009) ; it is aligned with S2 and is elongate to defi ne L2. The L2 mineral lineation on the east fl ank is shallowly plunging and trends ESE at a high angle to L1 (average L2 orientation is 29° towards 105°). An oxidized iron staining is associated with S2 folia. The rare S2/L2 fabric was observed in Biyawap and Aro Creeks (Fig. 4) . Blue amphibole was rarely observed on the north fl ank.
Rare Narrow Steeply Dipping S2 Shear Zones
Narrow (<100 mm), steeply dipping shear zones are rare and were observed at Biniguni River and Ampae Creek (Figs. 4 and 7) on the northern fl anks of the dome. S2 in steeply dipping shear zones is a moderately rough foliation with ductile to semibrittle character. S2 in steeply dipping shear zones strikes ESE-WNW and dips steeply toward the NNE. Steeply dipping S2 foliation planes contain a shallowly plunging L2 mineral lineation that trends NE (15° towards 044°), distinct to L2 measured on shallowly dipping S2 planes (see previous paragraph and Fig. 6C ). Steeply dipping S2 foliation planes anastomose around microlithons that preserve the S1 foliation enveloped by the S2 foliation. The sense of curvature and transposition of the S1 foliation into the S2 foliation indicate a top-down-to-the-NNE sense of shear (Fig. 7) . (Fig. 4) . (F) View onto S1 foliation plane of elongate and aligned vein minerals that defi ne L1 (solid line); boulder in Gwariu River (Fig. 4) . Lens cap is 60 mm across.
as doi:10.1130/B330326.1 Geological Society of America Bulletin, published online on 24 June 2011 Narrow, steeply dipping S2 shear zones contain abundant veins that are concentrated within the shear zones and are deformed by them. Though no crosscutting relationships were observed, Daczko et al. (2009) suggested that both the shallowly and steeply dipping S2 foliations were coeval on the basis of similar mineral assemblage and chemistry.
Kinematics
We determined the sense of shear during D1 at both thin section and outcrop scale. Thin sections used to determine sense of shear were cut parallel to the elongation lineation (L1) and perpendicular to the foliation (S1). At outcrop scale, extensional shear bands (S-C′ fabrics) are common (Figs. 6E and 7A ). The shear bands are spaced from ~30 mm up to 1.5 m apart. The angle between S and C′ planes varies between 25° and 44° but is commonly 30°-35°. The curvature of S planes near C′ planes indicates a top-to-the-NNE sense of shear (Figs. 6E and  7A ). Outcrop-scale asymmetric strain shadows around porphyroclasts are rare. Yuga Creek (Fig. 4) contains 200-250-mm-long parts of the outcrop with coarse foliation enveloped by fi negrained foliation (Fig. 7B) . The parts of the outcrop with coarse foliation form lenticular shapes analogous to sigma mantle porphyroclasts. The asymmetry of the tails of fi ne-grained foliation indicates a top-to-the-NNE sense of shear.
Asymmetric strain shadows around porphyroclasts were the most common kinematic indicator in thin section. The best examples are in sample 0677G, where large elliptical single mineral grains or mineral clusters of epidote are enveloped asymmetrically by S1 (Fig. 7C) . The stair-stepping sense of the asymmetry commonly indicates a top-to-the-NNE sense of shear. However, elliptical porphyroclasts with their long axis oriented upstream (see Kinematic Vorticity section) show the opposite sense of asymmetry and indicate a top-to-the-SSW sense of shear. This observation indicates a component of pure shear for the fl ow regime; this will be explored in the section on kinematic vorticity (see following). Rare antitaxial fi brous overgrowths on pyrite porphyroclasts have grown normal to the crystal faces of the pyrite grains (Fig. 7D) . Because a pyrite grain behaves rigidly relative to the surrounding ductile matrix, the pyrite particle boundary and the matrix tend to separate along a surface at a high angle to the maximum instantaneous stretch. Minerals in solution diffuse toward the low-stress area and precipitate. Figure 7D shows quartz fi bers growing normal to the crystal faces of a pyrite grain in its strain shadow. The quartz fi bers show an asymmetry that indicates a top-to-the-NNE sense of shear. Other weakly developed kinematic indicators observed in thin section include asymmetric actinolite grains (Fig. 7E ) that are shaped similarly to mica fi sh. The asymmetry indicates a top-tothe-NNE sense of shear. Our determination of the sense of shear for the dominant S1-L1 fabric confi rms that the mylonite formed as an extensional shear zone.
Kinematic Vorticity
Vorticity is the amount of rotation that a fl ow type possesses (Means et al., 1980) . The aim of kinematic vorticity analysis is to determine the ratio of pure to simple shear. The kinematic vorticity number (W k ) represents this ratio and ranges from 0 to 1, representing wholly pure shear or simple shear, respectively. Simpson and De Paor (1993) illustrated how the hyperbolic net may be used to derive the kinematic vorticity number. It involves determining the sense of shear as indicated by the position and direction of the stair-stepping of tails on asymmetric strain shadows around porphyroclasts, coupled with measurement of the fi nite axial ratio (R f = long axis length [x]/short axis length [z]) and inclination (ϕ) of the elliptical porphyro clasts. The initial inclination of the porphyroclasts will control whether the porphyro clasts rotate forward or backward. The fi nite axial ratio (R f ) and inclination (ϕ) are plotted onto the hyperbolic net using different symbols for forwardversus backward-rotated porphyroclasts. The backward-rotated porphyroclasts defi ne a fi eld on the plot (Figs. 8A and 8B ). The hyperbola that envelops the fi eld of backward-rotated porphyroclasts has two asymptotes that lie parallel to the two eigenvectors of fl ow; one is parallel to the shear zone boundary. The cosine of the angle between the two eigenvectors is the kinematic vorticity number (W k = cos[α]; Bobyarchick , 1986 ).
Potential problems with this technique include: (1) a large population of grains is needed; and (2) the fi nite axial ratio data should be random and follow a normal distribution. Porphyroclasts that are oblique or impinge on their neighbors must be rejected.
Only one sample (0677G) had enough asymmetric strain shadows around porphyroclasts to attempt the determination of the kinematic vorticity number. Two thin sections were cut parallel to lineation and perpendicular to foliation. Sixteen out of 30 grains and eight out of 21 grains were identifi ed as backward-rotated in the two thin sections. The analysis determined kinematic vorticity numbers of 0.34 and 0.56 for the two thin sections (Figs. 8A and 8B ). Both analyses indicate that the fl ow type that produced the D1 fabrics was dominated by a strong component of pure shear (Fossen and Tikoff, 1993 ; Fig. 8C ).
Folds and Semibrittle to Brittle Overprint
Rare gentle to open folds of the shallowly dipping S1 (interlimb angle [i] = 70°-175°) were observed at the outcrop scale (Fig. 9B) . (Fig. 4) . The sense of curvature and transposition of S1 into S2 indicates a top-down-to-the-NNE sense of shear. Lens cap is 60 mm across. (B) View looking W of a gentle fold of S1. Site 0669, Yuga Creek (Fig. 4) . (C) Plane-polarized light photomicrograph of crenulated S1, sample 0677C, Ampae Creek (Fig. 4) . Field of view is 1.75 mm across. (D) View looking E of an S3 semibrittle to brittle fault zone. Site 0604, Pumani River (Fig. 4) . Long handle crack hammer is 400 mm long. Inset shows a view looking E of prehnite (prh) and epidote (ep) veins in the D3 fault zone above; site 0604, Pumani River (Fig. 4) . Lens cap is 60 mm across. (E) Crossed-polarized light photomicrograph of a boudinaged vein, sample 0605, Biyawap Creek. Field of view is 3.5 mm across. (F) View looking WNW of steeply dipping mafi c dikes that cut S1. Site 0664, Biniguni River (Fig. 4) . Lens cap is 60 mm across.
as doi:10.1130/B330326.1 Geological Society of America Bulletin, published online on 24 June 2011 Detailed measurements of folded S1 at Gwariu River (Fig. 4) show crenulations that plunge very shallowly toward the SE. At this location, S1 is openly folded (i = 104°) and differently oriented to elsewhere on the northern fl ank. Stereographic determination of the attitude of the fold indicates that it is gently plunging (22° towards 253°) and upright (85°). Zonal crenulation cleavages were mostly observed at thin section scale (Fig. 9C) . The crenulations range from close to open to gentle with chevron to sinusoidal shapes. They are commonly weakly asymmetric.
A rare semibrittle to brittle overprint (D3) of the S1 and S2 foliations was observed in the Pumani River (Fig. 4) at the contact between the Gwoira Conglomerate and Goropu Metabasalt (Fig. 9D) . The fault zone is ~2 m wide, dips moderately toward the SE, and is rich in veins (Fig. 9D) . Extensional shear bands (S-C′ fabric) indicate a top-down-to-the-SE sense of shear (Fig. 9D) . Rare narrow fault zones that contain very fi ne-grained gouge also defi ne a rare semibrittle to brittle overprint of the S1 and S2 foliations. The gouge is associated with an oxidized iron staining. Grain-scale faults show top-downto-the-NNE sense of shear.
Veins and Dikes
Narrow veins (<3 mm wide) commonly contain calcite, less commonly quartz, and rarely epidote and prehnite. Field relationships indicated that the veins are common within the narrow D2 shear zones and brittle structures (i.e., post-S1), although rare veins were observed strung out in the S1 foliation and along L1. Rare boudinage of veins was observed in sample 0605 from Biyawap Creek (Figs. 4 and 9E ). Epidote and prehnite were only observed within the semibrittle to brittle structures (D3).
Rare mafi c dikes cut the S1/L1 fabric at the Biniguni River waterfall (Figs. 4 and 9F) . Chilled dike margins were not evident, and the dikes are very weakly deformed (Fig. 9F) . The dikes strike NW to NNW and dip moderately to steeply toward the SW. One subhorizontal mafi c sill was observed in the Gwariu River (Fig. 4) , with no evidence of chilled margins. The sill obliquely truncates the S1 foliation.
DISCUSSION
Remotely Sensed Structural Data
At the broadest scale, the Suckling-Dayman massif is a twin domal shape elongated east to west that may be subdivided into the Dayman and Suckling domes. Figures 3 and 5 show the three-dimensional aspect of the dome, consistent with fl exure not only in a north-south direction as shown in Figure 10 , but also in an east-west direction. Remote-sensed structural information is diffi cult to gain from the Suckling dome due to the high degree of dissection by streams. The analysis of the Dayman dome identifi ed three broad megacorrugations on the northern fl ank of the dome oriented NNE. The megacorrugations create a scalloped range front and curved fault trace of the Mai'iu fault or vice versa. The orientation of the broad megacorrugations correlates with the lineaments identifi ed in aerial photography on the Dayman dome. Lineaments northwest of Mount Dayman are continuous from the base of the northern fl ank up to the saddle between Mount Dayman and Mount Suckling and over the change in dip line marked on Figure 4 to be southward plunging west of Mount Dayman. These lineaments are interpreted to have developed as northward-draining creeks that incised the freshly denuded Mai'iu fault (Ollier and Pain, 1981) and then were folded during doming. Spencer (2000) provided two models to explain the development of extension-parallel linear drainages such as those observed on the Dayman dome. In one model, streams are guided by small, displacement-parallel grooves in a fault surface as it is uncovered, and in the other, surface hydraulic connection is maintained between stream segments that are cut and separated by fault movement. Both processes are viable in the Dayman example, though a full analysis of linear drainage development was not the focus of this study. The strong parallelism among linear drainages, megacorrugation ridges and troughs, and mylonitic lineation is suggestive of a structural control on the drainage development (Spencer, 2000) .
Detailed analysis of the SRTM data on the east fl ank of the Dayman dome shows a large number of streams oriented NNE to N, at a high angle to the dip slope. The unusual along-strike orientation of these streams is consistent with a structural control such as fault surface mullions, corrugations, or striations. The orientation of stepped streams is consistent with a combination of typical downdip and structural controls on the fl ow direction of the streams. Lineaments directly west of Mount Dayman trend downdip, oblique to the main structural trend in the data. The observation of lineaments trending downdip and at a high angle to the NNE to N structural trend of the megacorrugations indicates that not all drainages are structurally controlled; some are controlled by the topography.
The megacorrugations and lineaments on the Dayman dome are oriented differently to the lineaments on the Suckling dome and Biman dip slopes. Although streams heavily dissect the Suckling dome, the Mai'iu River represents a long straight segment (Fig. 4) that may be controlled by a Suckling dome megacorrugation oriented parallel to NE lineaments identifi ed in the aerial photography.
On the basis of the fresh nature of the Mai'iu fault scarp, we infer that the exhumation of the Dayman dome is active and therefore relates to the present-day Woodlark extensional province. The structural data may therefore be compared to orientations predicted by Euler poles for the extension in this area. The oldest magnetic anomaly picked for the Woodlark Basin is anomaly 3A.1, indicating that rifting initiated prior to ca. 6 Ma well east of the study area (Taylor et al., 1999) . Analysis of fracture zone orientations and magnetic anomalies identifi es two major changes in the location of the Euler poles for rifting between the Indo-Australian and Woodlark plates (Taylor et al., 1999) . The Euler poles may be used to predict the orientation of extension within the rifting crust at a given location. The Euler poles indicate NNWdirected extension for periods younger than ca. 0.5 Ma, whereas for periods between 0.52 and 3.6 Ma, a NNE-directed extension is predicted (Taylor et al., 1999) . The remote-sensed data analyzed here show no evidence of NWdirected lineaments and best match the extension direction predicted by the older Eulerian pole. Therefore, the exposed sections of the dome contain structures formed greater than half a million years ago. This is consistent with erosion of any young NW-directed extensional brittle fault rock that would have likely formed a carapace of brittle fault gouge overlying the exposed zone of ductile mylonite that now forms dip slopes with NNE-directed linear structures. Alternatively, there may have been partitioning of the deformation into fault-parallel and faultperpendicular components.
Field Structures
The dominant structure examined in this study is a mylonite ductile shear zone with top-to-the-NNE transport. The overprinting sequence of structures in the Dayman dome includes: (1) ductile S2 folia with ESE-plunging blue sodic-calcic amphibole mineral lineations that are oriented at a high angle to the D1 transport direction; (2) narrow, steeply dipping ductile D2 shear zones; and (3) semibrittle to brittle fault zones. The structural progression records exhumation of the massif from ductile to brittle deformation conditions, suggesting that the ductile shear zone likely evolved into a brittle detachment fault (Mai'iu fault). The ductile nature of the S1/L1 fabric is inconsistent with the D1 mylonite zones controlling the exhumation of the massif all the way to the surface. Brittle as doi:10.1130/B330326.1 Geological Society of America Bulletin, published online on 24 June 2011 deformation (D3) during movement along the Mai'iu fault must have controlled the fi nal stages of exhumation of both the massif and mylonite zones (Davis et al., 1986; Daczko et al., 2009 ). The scarcity of exposed brittle fault rock associated with the Mai'iu fault (e.g., D3 fault zone exposed in the Pumani River; Fig. 9D ) suggests that these fault rocks, which controlled the fi nal stages of exhumation, are largely eroded. Only one large brittle fault zone was observed at the Pumani River (Fig. 9D) . This zone is ~2 m thick and is located near the contact with the Gwoira Conglomerate and may be protected by the overlying sedimentary carapace. Therefore, we suggest that most, of any, brittle fault rock that existed has been eroded to expose the D1 mylonitic rocks that were tectonically exhumed in the footwall of the Mai'iu detachment fault.
The extension direction recorded by the opening of the mafi c dikes is similar to L1 extension lineations. This observation suggests that the dikes intruded under the same stress regime as that active during the development of the S1/L1 fabric. This implies that the dikes were emplaced shortly following cessation of ductile movement in the mylonitic shear zone, prior to any change in regional stress, and this is consistent with the lack of chilled margins on the dikes and limited deformation of the dikes.
The mylonitic lineations (L1) defi ne a NNEdirected transport direction and are parallel to the aerial photograph lineaments and fault surface megacorrugations on the Dayman dome. The L1 elongation lineations closely parallel the Woodlark-Australia spreading vector for the Pliocene to early Pleistocene (0.5-3.6 Ma), but they are not parallel to the late Pleistocene to Holocene Woodlark-Australia spreading vector (<0.5 Ma; Taylor et al., 1999) . This suggests that deformation in the D1 mylonite zone is older than 0.5 Ma, in the absence of any strain partitioning into fault-parallel and fault-perpendicular components. It is predicted that slickensides on brittle faults, were they better exposed, and recent movement on the Mai'iu fault would trend NNW-SSE, parallel to the late Pleistocene to Holocene Woodlark-Australia spreading vector. The rare 2-m-wide semibrittle to brittle overprint (D3) observed in the Pumani River at the contact between the Gwoira Conglomerate and Goropu Metabasalt (Fig. 9D) contains a SE-trending lineation, and two other orientations of fault slickensides measured on brittle fault planes in the Gwoira Conglomerate (Dare Creek, Fig. 4 ) are also consistent with tectonic transport parallel to the younger Woodlark-Australia spreading vector. Hill (1994) presented a similar structural scheme to that presented here for the bounding shear zones of the Goodenough, Mailolo, and Oiatabu domes on Goodenough and Fergusson Islands. Her structural scheme includes (1) several-hundred-meter-thick pervasive shear zone fabrics; (2) narrow shear zones (a few tens of centimeters or a few centimeters thick) that extend for several hundred meters or less than 1 m along strike; and (3) zones of schistosity, crenulation, and brecciation. This structural scheme matches the S1/L1 mylonitic fabric, narrow D2 shear zones, and D3 brittle fault zones presented here. The mineral lineations reported by Hill (1994) for the numerous bounding shear zones on Goodenough and Fergusson Islands include sets that trend N, NE, and E, i.e., broadly similar to the L1 lineations of this study. Also similar to this study, NW-plunging mineral lineations are not reported by Hill (1994) . Little et al. (2007) examined the Provost Range massif (dome) on Normanby Island and documented NNE-SSW-oriented megacorrugations and mineral lineations similar to those reported here.
The analysis of vorticity of the shear zone defor mation indicates a kinematic vorticity number (W k ) between 0.34 and 0.56, suggesting general shear deformation. It must be noted that this analysis is based on only one sample (0677G), since this was the only sample containing a suitable number of asymmetric strain shadows around porphyroclasts. This sample is representative of those containing a welldeveloped S1 foliation and L1 lineation, and we consider the result indicative of fl ow during the deformation event. The strong component of pure shear suggests that the shear zone evolved with a stress involving a strong overburden component (Bailey and Eyster, 2003) . Many authors have described the coexistence of coaxial and noncoaxial shear in metamorphic core complexes irrespective of their lithology or environment (Wells and Allmendinger, 1990; Wawrzenitz and Krohe, 1998; Bestmann et al., 2000; Bailey and Eyster, 2003; Little et al., 2007) . Bailey and Eyster (2003) and Bestmann et al. (2000) described an evolving combination of pure and simple shear in metamorphic core complexes at different stages of uplift. Bailey and Eyster (2003) described the overall deformation as general shear that evolves from shear dominated by ductile pure shear early in the defor ma tion to shear dominated by brittle simple shear as the load on the footwall block (i.e., the overburden) is reduced during exhumation of the core. The evolving fl ow regime may show overprinting relationships where pure sheardominated shear zones are cut by simple sheardominated ones (Bailey and Eyster, 2003) . The high pressures recorded by metamorphic assemblages (Daczko et al., 2009) in the core suggest that the overburden would have been very signifi cant during the early stages of shear (D1), consistent with the determination of W k . Simple shear-dominated semibrittle to brittle fault zones most likely formed a carapace over the pure shear-dominated ductile shear zone now exposed and may include the D3 fault zone observed at the contact between the Goropu Metabasalt and Gwoira Conglomerate. The friable nature of the more brittle simple sheardominated deformation makes these zones more susceptible to erosion and perhaps explains their limited exposure in the study area.
Geological Synthesis
The Suckling-Dayman massif is characterized by an elongate twin dome shape that is subdivided into the Dayman and Suckling domes. Several similarities exist between the SucklingDayman massif and other metamorphic core complexes: (1) a thick mylonitic ductile shear zone that juxtaposes rocks of different metamorphic conditions, (2) elongate domed landforms of the core, (3) igneous activity associated with progressive uplift, and (4) progressive deformation from ductile to brittle conditions. These other settings also commonly show late low-angle faults overlain by unmetamorphosed rocks, and exposures of these structures (e.g., Gwoira fault) have proven to be elusive in the areas visited for this study. The D3 fault zone identifi ed may be one such structure.
Much of the Papua New Guinea literature describes the basal contact of the Papuan ultramafi c belt as a thrust surface (e.g., Davies, 1980) , which undoubtedly it was on the basis of the juxtaposition of mantle rocks over continental rocks. However, no evidence of this thrust history was observed in shear zones examined in this study, suggesting pervasive recrystallization of this boundary during later extensional deformation. The geometry and style of structures and map relations presented in this study indicate an extensional origin for the mylonitic foliation (S1) and mineral lineation (L1) of the Dayman dome. This study also contradicts Davies (1980) , wherein he concludes that convergent tectonics were the prime mechanism for elevating and folding the metabasites into the broad domed landform.
Here, we detail the geological history of the Suckling-Dayman massif and place our interpretations into the broader tectonic context provided by published previous research. The evolution is divided into four stages and is presented as schematic cross sections (Fig. 10) . The sections do not represent a single location but rather bring together observations from across the massif to compile the overall evolution of the Suckling and Dayman domes. Stage 1: Continental crust of the Australian plate margin (including protoliths to high-temperature metamorphic rocks that today constitute much of the Owen Stanley Range and the cores of the D'Entrecasteaux Islands metamorphic core complexes) followed Late Cretaceous oceanic crust down into a north-dipping Paleogene subduction system (Davies, 1980; Davies and Jaques, 1984) . The resulting arc-continent collision thickened the continental crust by thrusting the Papuan ultramafi c belt over the continental rocks during the Eocene (Fig. 10 , stage 1; Davies, 1980; Davies and Jaques, 1984) . This led to the deep burial (>100 km) of some continental crust .
Though the exposed continental rocks were metamorphosed at high temperatures (Davies and Jaques, 1984; Davies and Warren, 1988; Hill and Baldwin, 1993; Baldwin et al., 2004) , the exposed Late Cretaceous oceanic crust varies from virtually unmetamorphosed rock (e.g., Kutu volcanics; Figs. 2 and 10) through prehnite-pumpellyite facies to pumpellyiteactinolite facies (e.g., Suckling-Dayman massif ; Davies, 1980) . The Late Cretaceous oceanic crust is greenschist facies immediately below the basal contact of the Papuan ultramafi c belt (Davies, 1980; Daczko et al., 2009 ). All metabasite samples examined in this study come from the greenschist-facies group of rocks.
The majority of the Suckling Dayman massif is pumpellyite-actinolite-facies schist (Davies , 1980) , and this assemblage indicates that the massif has been exhumed from a depth of 20-30 km (Daczko et al., 2009 ). These metamorphic assemblages are noted in Figure 10 (stage 1) at appropriate points along the buried oceanic crust.
Stage 2: The timing of subduction system suspension and transition to an extensional tectonic setting remains unclear. However, seafl oor spreading in the Woodlark Basin had begun by 6 Ma (Taylor et al., 1999) , and Baldwin et al. (2004) reported the timing of eclogite-facies metamorphism of the buried continental crust to be 4.3 Ma, prior to its exhumation in the extensional setting on the D'Entrecasteaux Islands. These results indicate that extension in this region began at least as early as the Pliocene.
Regardless of when extension in this region began, the development of metamorphic core complexes extends from the D'Entrecasteaux Islands through to the Papuan Peninsula (Suckling-Dayman massif). It is generally agreed (Davies and Jaques, 1984; Davies and Warren, 1988; Little et al., 2007;  this study) that the preexisting thrust subduction boundary was reactivated in the extensional tectonic setting, such that the bounding shear zones of the metamorphic core complexes simply reversed the previous thrust motion (note that the kinematic arrow in Fig. 10 , stage 2, has reversed from Fig.  10, stage 1) . Any large displacement on lowangle normal faults results in isostatic uplift and warping of the lower plate into a broad antiform in response to tectonic denudation (Spencer, 1984) . This is the dominant mechanism that controls the domed shape of metamorphic core complexes and is used here to defi ne a developing domed shape for the exhuming lower plate of the Suckling-Dayman massif (Fig. 10,  stage 2) . The analysis of SRTM data on the lowermost north fl ank of the Dayman dome identifi ed a change in dip of the metabasite dip slope from ~21° to ~18°N. This orientation matches the average S1 orientation, which dips 17°-20°N. The change in dip of the lower north fl ank identifi ed in SRTM data is consistent with doming of the massif.
The kinematic analysis of the shear zone indicates that during this early stage of uplift, the greenschist-facies metabasite rocks underwent general shear deformation with a kinematic vorticity number (W k ) between 0.34 and 0.56. The pure shear-dominated flow may have been caused by buoyancy of continental crust from below (Fig. 10, stage 2 ; Little et al., 2007) and/or the weight of a thick overburden (e.g., Papuan ultramafi c belt; Fig. 10 , stage 2; Martinez et al., 2001; Bailey and Eyster, 2003) . The orientation of lineaments identifi ed in aerial photographs and structural megacorrugations identifi ed in SRTM data correlates with the NNE-plunging orientation of mineral elongation lineations (L1). This NNE extension direction best matches that predicted by the oldest recorded Eulerian pole (0.52-3.6 Ma) for Woodlark Basin seafl oor spreading, indicating that the D1 deformation is older than 0.52 Ma. The rare presence of the blue amphibole in shallowly dipping D2 shear zones is related to oxidizing fl uids rather than a change in pressure-temperature conditions (Daczko et al., 2009 ). This interpretation may indicate that there are two types of blue amphibole in the region: (1) sodic-calcic ferrowinchite to ferro barrowisite (Daczko et al., 2009 ) in shear zones, and (2) glaucophane in the core of the complex (Davies, 1980) structurally beneath the shear zones. Alternatively, the "glaucophane" optically identifi ed by Davies (1980) in the core of the complex may not necessarily indicate high-pressure conditions and may rather represent oxidizing conditions (Daczko et al., 2009) . Further analysis of the Davies (1980) blue amphibole-and lawsonite-bearing samples is required to confi rm that the core of the complex experienced blueschist-facies conditions; this can be done by chemically confi rming the presence of true glaucophane. L2 defi ned by aligned blue sodic-calcic amphibole characterizes an unusual east-directed transport direction that is diffi cult to explain using the published Eulerian poles of Taylor et al. (1999) . The eastdirected transport direction was only observed on the east-dipping fl ank of the Dayman dome, and this observation may indicate that the dip direction of the dome shape dominated over the overall tectonic extension direction in controlling the D2 transport direction on differently dipping fl anks of the domes. The timing of the steeply dipping narrow D2 shear zones relative to the shallowly dipping blue amphibole-bearing fabrics remains unclear because no crosscutting relationships were observed. However, their ductile nature places them within the "stage 2" evolution sequence.
Stage 3: Davies (1980) reported that emergence of the buried oceanic crust from beneath the Papuan ultramafi c belt took place in the middle Miocene, on the basis of extensive sedimentary rocks to the north of the massif (Fig.  10, stage 3) . Sedimentation continued into the Pliocene (Davies, 1980) with deposition of the Gwoira Conglomerate onto the north fl ank of the developing domes (Biman dip slopes in particular). Sánchez-Gómez et al. (2002), van Hinsbergen and Meulenkamp (2006) , and Sen and Seyitoglu (2009) have reported the deposition of sediment onto the fl anks of actively exhuming metamorphic core complexes in the eastern Mediterranean. The petrography of the lithic clasts in the Gwoira Conglomerate (Caffi , 2008) suggests that they came from metabasite units, as opposed to ultramafi c sources such as the Papuan ultramafi c belt. Fluvial sediment characteristics, such as rounded and oxidized clasts, suggest that the metabasite source was subaerially exposed. The presence of shallowmarine fossils (Caffi , 2008) indicates transgression of the sea and deposition of the Gwoira Conglomerate on a newly developed shelf (Fig.  10, stage 3) . Davies and Warren (1988) reported a gravity low that may be due to a concentration of felsic material below the metabasite carapace of the Suckling-Dayman massif. The felsic material may include continental crust (as depicted in Fig. 10 ) and intrusions such as the granite and monzonite that intrude metabasite rocks south of Mount Suckling (Fig. 2) . The felsic rock may have contributed to buoyancy-driven uplift of the massif (e.g., Davies and Smith, 1971) . The granite and monzonite is undeformed, and contact metamorphic assemblages, including andalusite, suggest that it was emplaced at less than 12 km depth (Fig. 10, stage 3) . A LA-ICP-MS 206 Pb-238 U zircon age of one sample of granite is 3.3 ± 0.1 Ma (Caffi , 2008) and indicates the cessation of greenschist-facies ductile shearing by this time.
A thinning lithosphere is generally compensated by a rising asthenosphere at depth, and partial melting of the rising asthenosphere may have produced the mafi c dikes that cut S1 at the Biniguni River. A rising asthenosphere is also consistent with partial melting of the deeply buried continental crust to produce the granite and monzonite units. The post-S1 timing of both the mafi c dikes and granite and monzonite units suggests that there may be a relationship between the two.
The cessation of ductile D1 and D2 deformation by the time of the mafi c and felsic intrusions implies that brittle faults and fault zones (e.g., Mai'iu fault) must have controlled the fi nal stages of exhumation of the SucklingDayman massif (Daczko et al., 2009) . The scarcity of brittle to semibrittle fault rock such as that exposed in the D3 fault zone identifi ed at the Pumani River suggests that any brittle fault rock carapace over the ductile D1 shear zone has been largely eroded or was particularly thin. Where exposed, brittle structures display a variably oriented, but commonly downdip slickenside lineation that rarely matches the NNW transport direction predicted by the 0-0.5 Ma Woodlark-Australia Euler pole (Taylor et al., 1999) . Prehnite in the D3 mineral assemblage indicates a much lower pressure of metamorphism (Daczko et al., 2009 ) and is consistent with evolution of exhumation from ductile to brittle conditions.
Stage 4: At some stage since the Pliocene deposition of the Gwoira Conglomerate, it has been tilted toward the SE. Metamorphic core complexes are typically characterized by a lowangle detachment fault that separates a footwall of ductilely deformed metamorphic and intrusive rocks from a hanging wall of unmetamorphosed sedimentary units that have been tilted and displaced along normal faults. Domino-like rotation of normal faults, movement along a fault with listric geometry at depth, bowing of a low-angle fault due to footwall uplift, or a combination of all of these may have uplifted and tilted hanging-wall strata of the Gwoira Conglomerate.
Stage 4 in Figure 10 also shows the development of young faults (such as the Keveri fault system and Onuam fault), erosion of the metabasite domes and other units to the presentday surface, and shedding of Quaternary and Tertiary sediments mainly toward the north. The lack of drainage incision of the lowermost north fl anks of the Dayman dome suggests that tectonic exhumation of the dome is continuing today.
CONCLUSIONS
New structural and remote-sensing data and fi eld observations are integrated to document the structural evolution of the Dayman dome metamorphic core complex in eastern Papua New Guinea. A mylonitic carapace with unidirectional NNE-orientated lineation and normal sense of shear shows no evidence of the previous thrust history at the juxtaposition of mantle over continental rocks. These observations suggest pervasive recrystallization of preexisting structures during the development of the extensional mylonitic fabrics. Striking geomorphic lineations (megacorrugations) are approximately parallel to the extension and lineation direction in outcrop. The Mai'iu fault has evolved from a ductile shear zone into a brittle detachment fault, and the concordant fault and mylonitic shear zone form the dominant geologic structure in the Dayman dome metamorphic core complex.
(ARC LIEF) and Department of Education, Science and Training (DEST) Systemic Infrastructure Grants, Macquarie University, and industry. This is contribution 675 from the ARC GEMOC National Key Centre (www.es.mq.edu.au/GEMOC/) and UTIG contribution number 2335.
